Submarine groundwater discharge (SGD) has been implicated as a significant source of nutrients and other potentially harmful substances to coastal sea. Although the number of reported SGD sites has increased recently, their stratigraphical architecture and aquifer geometry are rarely investigated in detail. This study analyses a multifaceted dataset of offshore seismic sub-bottom profiles, multibeam and sidescan sonar images of the seafloor, radon measurements of seawater and groundwater, and onshore ground-penetrating radar and refraction seismic profiles in order to reconstruct the detailed 15 stratigraphical architecture of a high-latitude SGD site, which is connected to the Late-Pleistocene First Salpausselkä icemarginal formation on the Hanko Peninsula in Finland. The studied location is characterized by a sandy beach, a sandy shore platform that extends 100-250 m seaward sloping gently to ca. 4 m water depth, and a steep slope to ca. 17 m water depth within ca. 50 m distance. The onshore radar and offshore seismic profiles are correlated based on unconformities, following the allostratigraphical approach. The aquifer is hosted in the distal sand-dominated part of an ice-contact subaqueous fan 20 foreset. It is interpreted that gravel and coarse sand interbeds and lenses in the distal foreset, and, potentially, coarse couplet layers in the overlying glaciolacustrine rhythmite, provide conduits for localized groundwater flow. The SGD takes place predominantly through pockmarks on the seafloor, which are documented on the shore platform slope by multibeam and sidescan sonar images. Elevated radon-222 activity concentrations measured 1 m above seafloor confirm SGD from two pockmarks with fine sand surface sediment, whereas there was no discharge from a third pockmark that was covered with a 25 thin organic-rich mud layer. The thorough understanding of the local stratigraphy and the geometry and composition of the aquifer that have been acquired in this study are crucial for successful hydrogeological modeling and flux studies at the SGD site.
Introduction
Submarine groundwater discharge (SGD) is understood as the flow of groundwater, or quite often a mixture of groundwater and seawater, from the seabed to the coastal sea Moore, 2010) . Although the volume of groundwater SGD is generally small compared to rivers, groundwater flow from the seafloor often carries high concentrations of nutrients, trace metals and other land-derived contaminants (e.g. Moore, 2010; Szymczycha et al., 2012 Szymczycha et al., , 2016 . Therefore, 5 SGD associated fluxes potentially have considerable effects on the marine ecosystems.
Eutrophication is a major concern for large parts of the Baltic Sea (Andersen et al., 2017) . The main cause of this poor ecological status is the excess supply of nutrients by rivers and the atmosphere. Although the main nutrient supply routes to the Baltic Sea are well known, detailed studies of SGD and associated fluxes have been carried out only at a couple of 10 locations along the south coast: the Eckernförde Bay in Germany (e.g. Whiticar and Werner, 1981; Schlüter et al., 2004 ) and the Puck Bay in Poland (e.g. Jankowska et al., 1994; Szymczycha et al., 2012 Szymczycha et al., , 2016 . In addition, seafloor morphological features such as terraces and pockmarks, interpreted to be produced by SGD, have been documented from the Stockholm Archipelago (Söderberg and Flodén, 1997; Jakobsson et al., 2016) and SGD rates have been modelled through a 224 Ra mass balance offshore Forsmark in Sweden (Krall et al., 2017) . For the Puck Bay, Szymczycha et al. (2012) calculated that SGD 15 contributes ca. 3 % of the local annual influx of dissolved inorganic nitrogen and as much as 30 % of the annual influx of phosphate. Although further studies are required, SGD associated fluxes can be expected to significantly impact the ecological status of the Baltic Sea.
The key subseafloor aquifers in the Eckernförde Bay and Forsmark are Late Pleistocene glaciofluvial sand deposits (Jensen 20 et al., 2002; Krall et al., 2017) . In the Stockholm Archipelago, silty couplet layers in glacial varved clays act as groundwater conduits (Söderberg and Flodén, 1997) . Although comparable glacial sediments are well-known from Finland, no SGD sites have been documented previously from the Finnish waters.
Coastal aquifers are vulnerable to seawater intrusion, either as a result of sea level rise or storm surges, both of which are 25 predicted to increase due to climate change (Wong et al., 2014; Pellikka et al., 2018) . Groundwater abstraction for the needs of coastal cities further increases the vulnerability of low-lying aquifers to high sea levels (Ferguson and Gleeson, 2012) .
Recent groundwater modeling and hydrogeochemical studies show that the water quality of a glaciogenic coastal aquifer in the Hanko Peninsula, south Finland, may be compromised due to groundwater pumping and the predicted sea-level rise and increase in precipitation (Luoma and Okkonen, 2014; Luoma et al., 2015) . 30 Over the last years, measurements of radon ( 222 Rn) in seawater have been widely employed to trace and quantify SGD from shallow coastal aquifers (e.g., Schlüter et al., 2004; Burnett et al., , 2008 Peterson et al., 2008; Gleeson et al., 2013;  Solid Earth Discuss., https://doi.org /10.5194/se-2018-131 Manuscript under review for journal Solid Earth Discussion started: 18 December 2018 c Author(s) 2018. CC BY 4.0 License. Tait et al., 2013; Schubert et al., 2014; Sadat-Noori et al., 2015) . Radon is a natural radioactive noble gas that is highly enriched in groundwater by two to four orders of magnitude compared to seawater (Prakash et al., 2018) due to the decay of 226 Ra in aquifer sediments (Andrews and Wood, 1987; Mullinger et al., 2009 ).
The aim of this study is to reconstruct the detailed stratigraphical architecture and aquifer geometry of a SGD site in the 5
Late-Pleistocene First Salpausselkä ice-marginal formation on the Hanko Peninsula in Finland. Whereas the majority of known SGD sites are situated in low and mid-latitudes, this study provides a rare case from high latitudes. This is also the first study of a SGD site to combine offshore and onshore sub-surface profiling surveys in order to obtain a full picture of the local stratigraphy and aquifer geometry cross the shoreline. The offshore seismic profiles and the onshore ground-penetrating radar (GPR) and refraction seismic profiles are collected by fundamentally different techniques, but can be correlated on the 10 basis of unconformities recognized in the profiles, following the allostratigraphical approach. Multibeam and sidescan sonar images document pockmarks on the seafloor, which are interpreted to be produced by SGD. Finally, radon measurements demonstrate groundwater discharge from two of the three measured pockmarks.
Study area
The coastal aquifer studied here belongs to the First Salpausselkä ice-marginal formation, which runs as a wide ridge on the 15
Hanko Peninsula, located on the southern coast of Finland (Fig. 1) . The Late Pleistocene deposits rest on the Paleoproterozoic crystalline bedrock that mainly consists of quartz diorite and granodiorite (Kielosto et al., 1996) . The First Salpausselkä was deposited during the Younger Dryas climatic event, in the course of deglaciation of the Fennoscandian continental ice sheet. According to varve chronology and paleomagnetic dating, the deposition of the First Salpausselkä began at 12 300 varve years ago (Saarnisto and Saarinen, 2001) . Varve counting by Sauramo (1923) indicates that the First 20 Salpausselkä was deposited over 217 years, and the ice margin retreated from the area ca. 12 100 varve years ago.
Cosmogenic
10 Be age of 12 500 ±700 for the ice margin retreat supports the varve chronology (Rinterknecht et al., 2004) .
The First Salpausselkä was deposited as a narrow ridge of contiguous glaciofluvial fans and local feeding eskers that were formed along the ice-margin grounding line (Virkkala, 1963; Glückert, 1986; Fyfe, 1990; Kujansuu et al., 1993) , in an icecontact lake that was more than 100 m deep in Hanko (Fyfe, 1990) . After the ice margin retreat, the till and glaciofluvial 25 gravel and sand deposits were successively covered by glaciolacustrine rhythmically alternating (varved) silt and clay, and postglacial lacustrine poorly-bedded clay (Virtasalo et al., 2007 (Virtasalo et al., , 2014 . At ca. 7600 years ago, the deposition of postglacial lacustrine clay came to an end with erosion and the emplacement of a thin transgressive silt-sand sheet as a result of the midHolocene marine flooding and establishment of brackish-water conditions in the Baltic Sea Basin (Virtasalo et al., 2007 (Virtasalo et al., , 2016 . The deposition soon resumed with the organic-rich brackish-water mud drift that is strongly influenced by waves and 30 near-bottom currents, and still continues today.
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As a result of the initially rapid glacio-isostatic land uplift (today 4 mm/year; Kakkuri, 2012) , the highest peaks of the First Salpausselkä in Hanko began to emerge from the sea by 5000 years ago (Eronen et al., 2001) . The top of the ice-marginal formation was exposed to waves and eventually to wind as it gradually rose from the sea. The original ridge morphology became truncated and flattened from the top, the glaciolacustrine and postglacial lake silts and clays were removed, and the underlying glaciofluvial deposits were reworked by wind waves and currents (Virkkala, 1963; Glückert, 1986; Fyfe, 1990; 5 Kujansuu et al., 1993) . Fine sand was redeposited as beach ridges on the south side of the peninsula and partially reworked into aeolian dunes (Fyfe, 1990) .
The Hanko area belongs to the temperate coniferous-mixed forest climate zone with cold, wet winters. The mean annual air temperature is 6 °C, with the mean minimum temperature of -4.2 °C and the mean maximum temperature of 16.6 °C. The 10 mean annual precipitation is 670 mm during the period 1981 -2010 (Finnish Meteorological Institute, 2017 . The annual mean sea surface salinity ranges between 4.5 and 6.5 PSU and temperature between 4 and 9 °C during the period 1927-2011 (Merkouriadi and Leppäranta, 2014) . The low salinity results from the high riverine runoff from the large Baltic Sea catchment area, and from the long distance to the narrow connection to the World Ocean through the Danish straits. The sea is annually covered by ice on average 69 days , and the ice season usually ends in April (Merkouriadi and 15 Leppäranta, 2014) . The sea is essentially non-tidal, but irregular water level fluctuations of as much as ±2.5 m take place as a result of variations in wind and atmospheric pressure.
Materials and methods
Seafloor seismoacoustic surveys were carried out in May 2017. The surveys were run at 5 knots, using a suite of multibeam and sidescan sonar and seismic survey equipment onboard r/v Geomari of the Geological Survey of Finland: 200 kHz Atlas 20 Fansweep 20 multibeam sonar, 100 and 500 kHz Klein 3000 sidescan sonar, Meridata 28 kHz pinger sub-bottom reflection profiler, Massa TR-61A 3.5-8 kHz compressed high-intensity radar pulse (CHIRP) reflection profiler, and ELMA 250-1300
Hz seismic reflection profiler. The parallel survey lines were spaced at 75 m intervals to permit full multibeam coverage, and orientated N-S on the basis of typical wind (wave) direction. Shore-normal seismic survey lines were collected in order to permit correlation with onshore profiles. Sound velocity profiles of the water column were measured using a Reson SVP 15T 25 profiler. Multibeam data were collected and processed with Hypack, and visualized with Fledermaus 7.4.4b software. A relative backscatter mosaic was produced using a GeoCoder algorithm. Sub-bottom profiler and sidescan sonar data were collected and interpreted using Meridata MDCS and MDPS software. The seismic units and corresponding sediment types were interpreted following Virtasalo et al. (2007 Virtasalo et al. ( , 2014 . Sound velocities used for converting the seismic two-way travel time to sediment unit thickness were as follows: brackish-water mud, 1480 m/s; postglacial lake and glaciolacustrine clay, 30 1550 m/s; glaciofluvial sediments, 1600 m/s; till, 1850 m/s (Sviridov, 1977; Virtasalo et al., 2014 Onshore ground-penetrating radar (GPR) profiles were recorded in October 2017, along survey lines that were oriented as to continue the offshore seismic survey lines, and along perpendicular survey lines that followed the arc-shaped shoreline and the shore parallel road 500-800 m inland. The GPR profiles were collected using a GSSI SIR 4000 Control Unit with a GSSI antenna operating at 200 MHz central frequency. Data were recorded using a 220 ns time window. Location was recorded using a Trimble GeoXH 6000 handheld GPS receiver with VRS network correction. Location, topography, and GPR profiles 5 were combined and processed using Geodoctor 3.2 software. Signal processing methods applied were background removal, low pass and high pass filtering and linear gain. Relative permittivity value of six was used, which corresponds to sandy dry soil (Annan, 2009 ). The GPR profiles were interpreted following Neal (2004) . The interpretation was aided by eight unpublished groundwater drill logs from the survey area, obtained from the POVET database (Finnish Environment Agency, 2018) and GTK databases. 10
Refraction seismic survey was run in April 2018 along the shoreline. The survey consisted of nine linear spreads of 24 geophones. The geophones were positioned at 5 m intervals, except in the middle and both ends of the spreads the geophones were positioned at 2.5 m intervals. The total length of each spread was 100 m. The beach sand surface was frozen at the time of surveys, so that the geophones were installed in drilled holes. The position of each geophone was recorded by GPS. Small 15 explosive charge (80-120 g dynamite), drilled to 50-70 cm below ground was used as a source of seismic wave. Five source points (shot points) were used for each spread (at the both ends, in the middle, and 100 m away from the both ends, outside of the geophone spread). Seismic refraction data was recorded by a digital 24 channel Geometrics StrataVisor NZXP seismograph, using a sampling interval of 0.125 ms and a record length of 0.3 s. The seismograph was triggered by a signal from the blasting device. The first arrival times of P waves were extracted from seismograms using Rimrock Geophysics 20 Sipik software. Elevation data for geophone and shot point locations was obtained from LiDAR data. The P wave first arrival data was interpreted using ray tracing technique in Geometrics SeisImager software.
Radon-222 measurements of seawater and groundwater were carried out in May 2018. First, a survey of seawater surface 222 Rn activity concentrations was carried out onboard the research boat Gridi of the Geological Survey of Finland. The 25 survey was run at 1.4 knots along the edge of the shore platform, as well as along a couple of shore-normal transects. Two pumps that continuously supplied water for the 222 Rn measurements were fixed at ca. 50 cm water depth in the same frame with a Sea & Sun Technology CTD90M multiprobe that was recording pressure (depth), temperature, conductivity (salinity), dissolved oxygen, turbidity, and flow velocity and direction values at 1 minute intervals. Seawater 222 Rn measurements were carried out using two identical systems in parallel, each equipped with a 3M MiniModule gas contractor that separates the 30 dissolved gas from the continuously pumped water (Schmidt et al., 2008) . The gas was dried with a Drierite gas-drying unit, and analysed with a Durridge RAD7 radon detector (Burnett and Dulaiova, 2003) . The 222 Rn-in-water activity concentrations were calculated using the salinity and temperature dependent fractionation of 222 Rn between air and water (Schubert et al., 2012 Technology GmbH, the turbidity sensor by Seapoint Sensors Inc., and the ISM-2001C inductive 2D flow meter with compass by HS Engineers GmbH. The position was recorded by DGPS on the boat navigation system. Second, near-bottom water was measured at pockmark locations that were identified in the multibeam and side-scan sonar images. The frame that included the pumps and the CTD90M multiprobe was lowered to ca. 1 m above the seafloor, controlled by the boat echosounder and winch. The boat was anchored above the pockmarks, but drifted ca. 10 meters from side to side during the 5 measurements because of wind. The near-bottom water was pumped and 222 Rn and the CTD90M parameters measured for at minimum 30 minutes at each location. In addition, a vertical water column profile was measured at 0.1 dbar (ca. 10 cm) intervals using the CTD90M multiprobe at each of the locations. Finally, groundwater was pumped from 8-10 m below the water table from the observation well HP101, and measured for 222 Rn activity concentration. Radon was also measured in water that was gently leaking from the wall of an obsolete water station well near the shoreline. This groundwater 222 Rn 10 activity concentrations were measured by using the 'soda bottle aerator' system (Durridge Inc.) in 500 ml bottles, in conjunction with the RAD7 detector and the CAPTURE software for data evaluation.
Sediment cores were collected using a box corer from the pockmark locations where radon was measured. The cores were visually inspected for sedimentary structures and grain size. The cores were cut in 1-cm sub-sample slices, which were 15 analysed for Caesium-137 activity content in order to determine the amount of sediment in each core that was deposited after the fallout from the 1986 Chernobyl nuclear disaster. The 137 Cs activity content of fresh sub-samples was measured for 60 min using a BrightSpec bMCA-USB pulse height analyser coupled to a well-type NaI(Tl) detector at the Geological Survey of Finland. The same sub-samples were then analysed for weight loss on ignition (LOI), which is informative of sediment organic content, by weighing sub-samples after drying at 105 °C for 16 h and weighing again after ignition at 550 °C for 2 h 20 (Bengtsson and Enell, 1986) .
Results and interpretation

Offshore seismic units
Seven seismic units (SUs) are recognized in offshore sub-bottom profiles that were collected along shore-normal transects and along the shore platform edge (Fig. 2a) . The denser units SU1-SU3 are identified in the deeper-penetrating reflection 25 seismic profiles (Figs. 3c, d) , whereas the units SU4-SU7 of lower acoustic impedance are better visible in the CHIRP profiles (Figs. 3a, b) . The pinger had poor penetration in this area, likely because of the high sand content in the sediments.
SU1: Bedrock
Description. -SU1 is the seismic substratum (Fig. 3d ). In the reflection seismic profiles, its upper reflector is an irregular, steep-relief unconformity surface, whereas the internal reflector configuration is chaotic. Interpretation. -The irregular surface and chaotic internal reflector configuration are consistent with crystalline bedrock.
Palaeoproterozoic crystalline rocks dominate the bedrock in the study area (Kielosto et al., 1996) .
SU2: Till
Description. -SU2 covers the substratum as a thin layer, and is generally less than 3 m thick, but may reach up to 10 m in local depressions of the substratum (Fig. 3d ). In the reflection seismic profiles, its upper reflector is an irregular 5 unconformity surface with high amplitude. The internal reflector configuration is chaotic to locally stratified.
Interpretation. -The chaotic to locally stratified internal reflector configuration indicates massive deposits with little or no stratification and local stratified pockets, consistent with subglacial till (Eyles et al., 1985; Powell and Cooper, 2002) . The stratified pockets were produced by local meltwater processes. Similar surface reflector and external form have been 10 reported for subglacial till in the neighbouring sea areas (Häkkinen, 1990; Rantataro, 1992; Nuorteva, 1994; Virtasalo et al., 2014) . In the nearby land areas, the till thickness typically is less than 4 m, but can reach 40 m in bedrock depressions and till landforms (Kielosto et al., 1996) .
SU3: Ice-contact subaqueous fan distal foreset
Description. -SU3 is present along the west-north (ice-proximal) margin of the survey area (Fig. 2a) . It has a wedge-shaped 15 external form with the highest thickness of up to 6 m along the shore-parallel margin of the survey area, but which rapidly thins out with distance from the shore. In reflection seismic profiles, it is characterized by sub-parallel discontinuous reflectors that have lower amplitude than SU1 and SU2 (Figs. 3c, d ).
Interpretation. -The low amplitude reflectors indicate finer grained sediments than in SU2, perhaps sand or fine sand. The 20 discontinuity of internal reflectors indicates weak stratification. The stratigraphical position immediately above till, as well as the proximity and increasing unit thickness toward the First Salpausselkä ice-marginal formation indicate glaciofluvial origin for the sandy deposit. SU3 is interpreted to comprise distal foreset and possibly bottomset beds of an ice-contact subaqueous fan that is part of the First Salpausselkä (Virkkala, 1963; Glückert, 1986; Fyfe, 1990; Kujansuu et al., 1993) . The poorly stratified fine sand beds were deposited by turbidity currents and occasional debris flows from the upper fan slope 25 (Winsemann et al., 2009; Lang and Winsemann, 2013; Lang et al., 2017; Winsemann et al., 2018) .
SU4: Glaciolacustrine rhythmite
Description. -In CHIRP profiles, SU4 is characterized by a lower part with sub-parallel discontinuous reflectors, and an upper part with closely spaced parallel reflectors of high amplitude (Figs 3a, b) . The upper parallel reflectors in general are parallel to reflectors in the overlying SU3, which indicates no significant erosion at the contact. On topographic highs, 30 however, the SU4 reflector structure is truncated at the top, indicating erosion. Interpretation. -The poorly stratified lower part of SU4 in CHIRP profiles probably reflects high sand content, whereas the closely spaced parallel reflectors in the upper part of SU4 are typical of rhythmically alternating, glaciolacustrine fine sandsilt and clay layer couplets deposited by underflows and suspension settling during seasonal changes in glacial melting and sediment influx (De Geer, 1912; Sauramo, 1923; Eyles et al., 1985; Powell and Cooper, 2002; Virtasalo et al., 2007 Virtasalo et al., , 2014 . 5
The overall upward trend of fining grain size reflects the ice margin retreat.
SU5: Postglacial lake clay
Description. -SU5 forms a conformal drape with a constant thickness of 2-3 m, but is truncated at the top by erosion above topographic highs (Figs. 3a, b) . In CHIRP profiles, it is characterized by closely spaced parallel reflectors reminiscent of SU4, but with lower amplitudes and slightly smoother reflector angles due to the levelling of the underlying topography by 10 SU4. The top boundary is a strong reflector.
Interpretation. -The drape-like geometry indicates deposition in deep water with limited reworking by near-bottom currents.
The low-amplitude closely-spaced parallel reflector structure indicates weakly bedded to structureless fine-grained sediment, typical of the postglacial lake silty clay (Virtasalo et al., 2007 (Virtasalo et al., , 2014 . 15
SU6 and SU7: Brackish-water mud drifts
Description. -SU6 and SU7 have a similar asymmetric basin-fill external form, and frequent, low-amplitude, convex to onlap parallel reflectors in CHIRP profiles (Figs. 3a, b) . Both units have strong basal reflectors, and their reflector structure is frequently truncated at the top by erosion. SU6 is widely distributed, whereas SU7 is present on top of SU6 in topographic depressions. SU7 has slightly smoother reflector angles due to the levelling of the underlying topography by SU6. The 20 thickness of the units is variable, but both may reach 10 m in depressions. Attenuation (absorption and scattering) of the acoustic signal by free gas within the sediment (acoustic blanking) is common in areas of the highest unit thickness.
Interpretation. -The asymmetric external form and the convex to onlap reflector configuration reflect sediment-drift deposition that is controlled by currents and wave action, typical of the Baltic Sea brackish-water mud (Virtasalo et al., 25 2007 ). The basal reflector of SU6 is distinctive, and in fact traceable long distances in seismic profiles over the Baltic Sea (Virtasalo et al., 2016) . The unconformity that subdivides the brackish-water muds into SU6 and SU7 with different internal reflector angles results from a shift in the lateral accretion of sediment due to land uplift and changed near-bottom current patterns. Similar unconformities within the brackish-water mud drift have been reported previously from the neighbouring sea areas (Virtasalo et al., 2007 (Virtasalo et al., , 2014 
Ground-penetrating radar units
Three radar units (RUs) are recognized in the onshore GPR profiles, which were recorded along survey lines that were oriented to continue the offshore seismic survey lines, and along perpendicular survey lines that followed the arc-shaped shoreline and the shore parallel road 500-800 m inland (Fig. 2a) . The penetration depth of the GPR electromagnetic wave in the studied deposits is ca. 12 m (Fig. 4a) . The available drill logs from the survey area show, however, that the crystalline 5 bedrock can be buried as much as 50 m below the land surface. The GPR profiles, therefore, capture only the upper part of the sandy overburden. The groundwater table is observable as a high-amplitude continuous reflector, which is at the sea level in the seaward ends of the profiles, but rises to ca. 12 m a.s.l. within 1 km distance to the shoreline. The groundwater is hosted in the unit RU1.
RU1: Ice-contact subaqueous fan foreset 10
Description. -The upper 8-12 m of RU1 is visible in the GPR profiles, below which depth the GPR electromagnetic wave is attenuated (Figs. 4a, b) . The internal reflector configuration is highly variable in the northwestern (ice-proximal) part of the profiles, being characterized by lenticular and sheet-like reflector packages with local northwest and frequent southeast gently to steeply dipping reflectors of low to high amplitude. The reflector packages have unconformable contacts. In the southeastern (ice-distal) parts of the profiles, the unit is dominated by steeply southeast dipping oblique low-amplitude 15 reflectors. The internal reflector configuration of RU1 is truncated from the top by the basal reflector surface of RU2.
Interpretation. -The highly variable internal reflector configuration of RU1 with lenticular and sheet-like packages is similar to the distal sand-rich parts of ice-contact subaqueous fans (Winsemann et al., 2009; Lang and Winsemann, 2013; Lang et al., 2017; Winsemann et al., 2018) . The northwestern (upflow) parts of RU1 reflect dynamic net deposition of antidune and 20 cyclic-step deposits by supercritical and subcritical turbidity currents, possibly of type foreset-bed packages III by Winsemann et al. (2018) . Local high-amplitude reflectors indicate gravelly interbeds and lenses in the sand-dominated deposit. The sandy composition with gravel and coarse sand interlayers is confirmed by available drill logs from the survey area. The steeply downflow dipping oblique low-amplitude reflectors that dominate the southeastern (ice-distal) parts of the profiles document fine sand-dominated steeply-inclined foreset clinoforms, presumably deposited from sustained 25 supercritical turbidity currents (Winsemann et al., 2009; Lang and Winsemann, 2013; Lang et al., 2017; Winsemann et al., 2018) . It is worth noting that the thickness of sandy deposits in the available drill logs can reach 50 m, and that only their upper part was imaged in the GPR profiles.
RU2: Shoreface lag deposit
Description. -RU2 is a thin, <2 m thick sheet that is characterized by high-amplitude sub-horizontal discontinuous reflectors 30 (Figs. 4a, b) . The reflectors downlap onto the basal reflection surface to RU1. Interpretation. -The sheet-like geometry and high-amplitude sub-horizontal downlapping internal reflectors indicate a coarse shoreface lag deposit, likely composed of gravel (Tamura et al., 2008) . Such a deposit was formed by wave, current and winter-ice reworking of the primary ice-contact fan deposits (RU1) during emergence from the sea (Virkkala, 1963; Glückert, 1986; Fyfe, 1990; Kujansuu et al., 1993; Nemec et al., 1999) . 5
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RU3: Beach ridges
Description. -RU3 is the uppermost reflector unit that covers most of the land surface. It has an asymmetric external form, with the unit thickness varying from below the GPR resolution to as much as 6 m in large ridges (Figs. 4a, b) . The internal reflection configuration is characterized by low-amplitude gently seaward dipping sub-parallel reflectors, and local landward dipping reflectors on the landward sides of large ridges. The reflectors downlap onto the top reflection surface of RU2. 10
Interpretation. -Beach ridges typically are dominated by seaward dipping sub-parallel reflectors, and local landward dipping reflectors on their landward sides. The seaward dipping sub-parallel reflectors represent sand with gravel interbeds, which were deposited at beachface by wave swash and backswash, whereas the local landward dipping reflectors on the landward sides of the ridges represent aeolian sands (Clemmensen and Nielsen, 2010; Rosentau et al., 2013; Muru et al., 2018) . 15
Refraction seismic profile
The 900 m long refraction seismic profile was collected along the shoreline, on the sandy beach (Fig. 2a) . A refraction surface at the depth of ca. 50 m in the western part of the profile rises to ca. 20 m depth in the eastern part of the profile (Fig.   4c ). This surface is interpreted to be the bedrock surface that is unconformably overlain by the glacial sediments. This interpretation is in line with the available drill logs from the area, which show that the bedrock can be buried as much as 50 20 m deep. Another refraction surface at sea level is interpreted to be the groundwater table.
Seafloor morphology and pockmarks
Multibeam bathymetry over the survey area shows a gently rolling seafloor with water depths ranging between 5 to 25 m (Fig. 2b) . The seafloor is covered with brackish-water mud (SU7), except erosional exposures of till (SU2) at small elevations in the southwestern and eastern parts of the area. An arc-shaped shore platform with sandy sediment extends 100-25 250 m seaward from the shoreline, sloping gently to ca. 4 m water depth (Fig. 2b) . From the platform edge, the seafloor slopes to ca. 17 m depth within ca. 50 m distance. The shore platform was too shallow for r/v Geomari to navigate, and therefore no seismoacoustic surveys were carried out there.
Multibeam image shows many as much as 25 m wide and up to 2 m deep pockmarks on the shore platform slope and at the 30 base of the slope at down to ca. 17 m water depth (Fig. 2b) . In CHIRP profiles, the pockmarks are incised in the topmost unit Solid Earth Discuss., https://doi.org/10.5194/se-2018-131 Manuscript under review for journal Solid Earth Discussion started: 18 December 2018 c Author(s) 2018. CC BY 4.0 License. SU7 (Fig. 5d) . Sub-vertical columns of disrupted reflectors, which are interpreted to be groundwater conduits, extend down from the pockmark base through SU7-SU5 to the upper well-stratified part of SU4 (glaciolacustrine rhythmites), at least.
The seismic signal is attenuated below this stratigraphical level, likely because of the higher sediment sand content, and the full vertical extents of the disrupted reflector columns are unclear in the profiles. The columns tend to be localized at elevations in the SU4 top, which may have acted as natural leak-off points for overpressured pore fluids (Cartwright et al., 5 2007) . Reflectors are commonly folded up along the column margins in SU4 and SU5, in line with upward fluid flow. In the upper part of SU6 and in SU7 (brackish-water mud drifts), however, the reflectors are folded down along column margins, recording the upward migration of pockmark base with sediment deposition (Cartwright et al., 2007) .
The box-core sediment sample MGBC-2018-2 collected from the pockmark D is composed of structureless fine sand with 10 very low organic content (Fig. 6a) . The sample MGBC-2018-1 from the pockmark B is very similar. In contrast, the sample MGBC-2018-3 collected from the pockmark E is covered with a 7 cm thick surface layer of organic-rich mud, which is underlain by structureless fine sand of very low organic content (Fig. 6b) . The surface of MGBC-2018-3 is overgrown by sea grass. Caesium-137 activity contents in the sand in MGBC-2018-3 are below 20 Bq/kg, which is a normal level for sediments deposited before the 1986 Chernobyl nuclear disaster, whereas the 137 Cs contents are substantially higher in the 15 surficial mud layer (range 27.9-44.2 Bq/kg). However, these values are still low compared to the present values exceeding 1,000 Bq/kg in sediments that were deposited off the Finnish south coast soon after the disaster (e.g., Jokinen et al., 2015; Vallius, 2015) . It appears that the 137 Cs-enriched mud layer that covers the pockmark E was deposited sometime after 1986, possibly within the past several years.
Hydrographic and radon measurements 20
Profiles measured by the CTD90M multiprobe show that the seawater is stratified with respect to temperature, with the thermocline located at the 5-8 m depth (Figs. 5a-c) . The temperature range is 13.2-15.9 °C in the upper water layer, and 7.8-10.2 °C in the bottom layer. The salinity range is 4.61-5.13 PSU in the upper layer, whereas the bottom layer has a narrower range of 5.44-5.54 PSU. The water mass is well oxygenated with generally higher values in the bottom layer.
25
The mean 222 Rn activity concentration in the seawater surface is 16.9 Bq/m 3 , with locally slightly elevated concentrations of up to 49.9 Bq/m 3 near the shoreline ( Fig. 2c ; Table 1 ). These elevated concentrations may result from localized groundwater seepage through the beach sand and/or from the local upwelling of 222 Rn-bearing water from below the thermocline. (Fig. 5a ) range between west and north, which makes (Table 1 ). 10
Discussion
A multifaceted dataset comprising offshore seismic sub-bottom profiles, multibeam and sidescan sonar images of the seafloor, radon measurements of sea and groundwater, as well as onshore GPR and refraction seismic profiles has been studied with an aim to reconstruct the detailed stratigraphical architecture and aquifer geometry of a SGD site in the First Salpausselkä ice-marginal formation on the Hanko Peninsula in Finland. 15
Allostratigraphical architecture
Marine seismic reflection and onshore GPR profiling methods are similar in that both are based on wave propagation through water and sediments, and on wave reflection from subsurface structures and boundaries. However, they are different in the type of wave used for profiling. Seismic wave is reflected from interfaces where the acoustic impedance of sediment sharply changes (e.g. Sheriff and Geldart, 1995) , whereas the GPR electromagnetic wave is sensitive to water content and 20 the ability of sedimentary structures and layers to hold water governs GPR reflections (Annan, 2009 ). The seismic refraction method is different from the reflection methods in that the seismic wave returns to the surface by refraction at subsurface interfaces with a strong acoustic impedance contrast (e.g. Sheriff and Geldart, 1995) . Because of the technological differences, profiles obtained by these methods record different properties of the subsurface, and, therefore, are not intercomparable. Significant unconformities in sediments, however, are typically associated with a change in the sediment 25 acoustic impedance and water content, which is expressed in the different profiles by strong reflectors that can be correlated between the profiles following the allostratigraphical approach.
The use of allostratigraphy is recommended for glacial and glacially-influenced strata, which typically have frequent unconformities and high lithological heterogeneity that complicates lithostratigraphical classification (e.g. Virtasalo et al., 30 2007 Virtasalo et al., 30 , 2014 Räsänen et al., 2009) . Indeed, sediment deposition and erosion in the study area have been controlled by several Solid Earth Discuss., https://doi.org/10.5194/se-2018-131 Manuscript under review for journal Solid Earth Discussion started: 18 December 2018 c Author(s) 2018. CC BY 4.0 License. independent processes, namely the retreat of the Fennoscandian continental ice-sheet and the dynamics of the ice margin, the relative water level fall due to postglacial land uplift, the mid-Holocene marine incursion and the associated short-lived transgression and the establishment of brackish-water conditions, and, finally, coastal and aeolian processes (Virkkala, 1963; Glückert, 1986; Fyfe, 1990; Kujansuu et al., 1993; Virtasalo et al., 2007 Virtasalo et al., , 2014 Virtasalo et al., , 2016 . As a result of the complex depositional history, allostratigraphy has recently gained popularity as a stratigraphical classification approach both in the 5
Baltic Sea (e.g. Virtasalo et al., 2007 Virtasalo et al., , 2014 Tsyrulnikov et al., 2012; Hyttinen et al., 2017; Jensen et al., 2017) and on the surrounding land areas (Räsänen et al., 2009; Ojala et al., 2018) .
In this study, allostratigraphy is used, for the first time, for the correlation of unconformities recognized in offshore seismic profiles to those in onshore GPR and refraction seismic profiles in order to establish the local stratigraphic architecture cross 10 the shoreline. Five significant unconformities are recognized in the offshore seismic profiles (Fig. 3) , whereas two are recognized in the onshore GPR profiles and one in the refraction seismic profile (Fig. 4) . The offshore unconformities are correlated with those onshore based on the interpreted composition and sedimentary environment of their bounded units (Fig. 7) .
15
The lowermost unit with identifiable bottom and top reflectors in the offshore reflection seismic profiles is till (SU2; Fig. 3 ).
The till layer is not discernible in the GPR profiles (Fig. 4a, b) , which may be due to the insufficient depth penetration of the electromagnetic wave, or to the low thickness or even absence of the till layer because of the higher bedrock elevation on the land area. Likewise, no surface that could be associated with a till layer covering the bedrock is observed in the refraction seismic profile (Fig. 4c) . Geological mapping shows that bedrock elevations in the area often lack till cover (Kujansuu et al., 20 1993) . Furthermore, unpublished drill logs of eight groundwater observation wells in the study area document no till layer on the bedrock.
The only unit that can be traced from the offshore seismic profiles to the onshore GPR profiles is the ice-contact subaqueous fan foreset on land (RU1) and its distal part offshore (SU3; Fig. 7 ). Such ice-contact subaqueous fans form a significant part 25 of the First Salpausselkä ice-marginal formation (Virkkala, 1963; Glückert, 1986; Fyfe, 1990; Kujansuu et al., 1993) . The unit is erosionally exposed at seafloor on the shore platform.
The glaciolacustrine, postglacial lacustrine and lower brackish-water deposits (SU4 to SU6) were deposited over the whole study area (Virtasalo et al., 2007; , but have since been removed from the GPR-profiled land area as a consequence of 30 erosion by waves, currents and winter-ice during emergence from the sea. The coarse lag sheet (RU2) in the GPR profiles is the product of this erosion and associated preferential removal of fine grained material. The overlying beach ridge deposits (RU3) were formed at the beachface during emergence and by later aeolian processes. The upper brackish-water mud unit (SU7) represents modern drift deposition at sea. Solid Earth Discuss., https://doi.org/10.5194/se-2018-131 Manuscript under review for journal Solid Earth Discussion started: 18 December 2018 c Author(s) 2018. CC BY 4.0 License.
Submarine groundwater discharge
The main coastal aquifer on the Hanko Peninsula is hosted in the First Salpausselkä ice-marginal formation (e.g. Luoma et al., 2015) , which is a ridge of contiguous ice-contact subaqueous fans and local feeding eskers (Virkkala, 1963; Glückert, 1986; Fyfe, 1990; Kujansuu et al., 1993) . The studied SGD site is situated in the foreset of a subaqueous fan (RU1-SU3; Fig.   7 ). Based on low reflector amplitudes in the offshore seismic profiles (SU3; Figs. 3c, d ) and available unpublished drill logs 5 from the land area, the subaqueous fan foreset is composed of fine sand, which typically has moderate hydraulic conductivity (e.g. Bear, 1972) . However, GPR profiles and the drill logs show interbeds and lenses of coarse sand and gravel in the subaqueous fan foreset. Slug tests carried out in the area demonstrate high hydraulic conductivities for such coarser beds (K < 13.8 m/d; Luoma and Pullinen, 2011) . It is thus likely that the coarser interbeds and lenses in the fine sand-dominated subaqueous fan foreset provide conduits for localized groundwater flow to pockmarks that are visible on the shore platform 10 slope (Figs. 2b, 2d ). In addition, coarse couplet layers in the superimposed glaciolacustrine rhythmite can act as groundwater conduits to the pockmarks (Söderberg and Flodén, 1997; Virtasalo et al., 2007) . The offshore stratigraphical units the till (SU2), postglacial lacustrine poorly-bedded silty clay (SU5), and organic-rich brackish-water mud (SU6 and SU7) have low hydraulic conductivities, and the silty clay and mud units likely act as confining layers (e.g. Bear, 1972) .
15
Significantly elevated radon activity concentrations measured 1 m above the pockmarks D and B indicate SGD from these locations (Figs. 4b, c) . In comparison, 222 Rn concentrations measured above the pockmark E are not elevated but similar to those measured in the thermocline above the pockmark D and in surface seawater (Figs. 2c, 4a; Table 1 ), which precludes significant SGD from the pockmark E at the time of measurements. It can thus be concluded that pockmarks are the most significant locations of SGD in the study area, and that not all of the pockmarks observed in the multibeam and sidescan 20 sonar images are active.
222
Rn has been previously used for studying SGD from pockmarks in the Eckernförde Bay, southern Baltic Sea (Schlüter et al., 2004 Sediment samples collected from the pockmarks D and B are composed of fine sand, whereas the pockmark E is covered with soft organic-rich mud (Fig. 6) Schlüter et al., 2004) . The resuspended fine sediment is then removed by near-bottom flows, resulting in lower relative sedimentation rate and coarser grain size in the pockmark (Hammer et al., 2009 ). The absence of significantly elevated rims around the pockmarks (Fig. 5d ) further supports the efficient lateral sediment transport 5 and precludes significant subsurface sediment mobilization and transport of particles to the seafloor (Loher et al., 2016) . 137 Cs activity contents in the organic-rich surface mud layer in the pockmark E are at the post-Chernobyl level (Fig. 6b) , which suggests that SGD from the pockmark ceased several years after 1986. No faults are observed in the studied profiles, and the groundwater conduits do not seem to be linked with faulting.
10
SGD depends on the hydraulic head gradient between the elevated part of the aquifer on land, and the top of the permeable unit at sea Moore, 2010) . The GPR profiles show that groundwater is hosted in the subaqueous fan deposits (RU1; Fig. 4 ). Seaward groundwater flow at the study area can have initiated only after the subaqueous fan deposits had been uplifted sufficiently high above sea level in order to produce the required hydraulic head. The change in the direction of folding of reflectors along the margins of groundwater conduits from folded-up to folded-down in the upper part 15 of SU6 in the CHIRP profiles indicates a shift from the post-depositional folding by upward fluid expulsion to the upward migration of the pockmark bottom with sediment deposition ( Fig. 5d ; Cartwright et al., 2007) . This timing of the formation of pockmarks and the initiation of SGD must have taken place after the beginning of the brackish-water mud (SU6) deposition at ca. 7600 years ago (Virtasalo et al., 2007) . According to shore displacement studies, the subaqueous fan deposits that today rise as much as 20 m above sea level in the area, began to emerge from the sea ca. 5000 years ago 20 (Eronen et al., 2001) , which is in good agreement with the reflector-folding interpretation of CHIRP profiles. Probably it took several hundreds of years before the subaqueous fan deposits were uplifted sufficiently high above sea level for the initiation SGD and the formation of first pockmarks.
Radon activity concentrations measured in the groundwater observation well HP101 (12129 Bq/m 3 ) and in the obsolete 25 water station (37433 Bq/m 3 ) are substantially higher than those measured in seawater (Table 1 ). The measured values are below the mean 222 Rn activity concentration of 92000 Bq/m 3 in 961 springs and dug wells in southern Finland (Salonen, 1988) , and well below the upper permissible limit for onshore GPR and refraction seismic profiles permitted the allostratigraphical correlation cross the shoreline. The studied location is characterized by a sandy beach, a sandy shore platform that extends 100-250 m seaward sloping gently to c. 4 m water depth, and a steep slope to c. 17 m water depth within ca. 50 m distance. The aquifer is hosted in the distal sanddominated part of an ice-contact subaqueous fan foreset with coarse sand and gravel interbeds and lenses. Presumably, the coarser interbeds and lenses in the distal foreset, and, potentially, coarse couplet layers in the overlying glaciolacustrine 5 rhythmite, provide conduits for localized groundwater flow, which is discharged predominantly through pockmarks that are visible on the shore platform slope in multibeam and sidescan sonar images. Radon measurements confirmed SGD from the pockmarks D and B, while the pockmark E was inactive and covered by an organic-rich mud surface layer of several years.
The SGD initiated after brackish-water conditions were established in the northern Baltic Sea, probably soon after 5000 years ago when the highest ice-contact fan deposits emerged above sea level as a result of postglacial land uplift. 10
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